In order to incorporate different communication standards into a single device, a compact quad-band slot antenna is proposed in this paper. The proposed antenna is composed of a dielectric substrate, T-shaped microstrip patch with a circle slot and an inverted L-slot, and a comb-shaped ground on the back of the substrate. By adopting these structures, it can produce four different bands, while maintaining a small size and a simple structure. Furthermore, a prototype of the quad-band antenna is designed and fabricated. The simulated and measured results show that the proposed antenna can operate over the 1.79-2.63 GHz, 3.46-3.97 GHz, 4.92-5.85 GHz, and 7.87-8.40 GHz, which can cover entire PCS (Personal Communications Service, 1.85-1.99 GHz), UMTS (Universal Mobile Telecommunications System, 1.92-2.17 GHz), WCDMA (wideband code-division multiple access, 2.1 GHz), Bluetooth (2.4-2.48 GHz), WiBro (Wireless Broad band access service, 2.3-3.39 GHz), WLAN (Wireless Local Area Networks, 2.4/5.2/5.8 GHz), WiMAX (Worldwide Interoperability for Microwave Access, 2.5/3.5/5.5 GHz), and X-band SATcom applications (7.9∼8.4 GHz). The proposed antenna is particularly attractive for mobile devices integrating multiple communication systems.
Introduction
Modern wireless communication devices are often required to integrate multiple standards and services, operating at different frequency bands, into a single portable handset [1] . Thus, it is highly desirable to design multiband antennas to meet the needs of multiple communication standards. For PCS, UMTS, and WCDMA operations, the ideal frequency bands are 1.9 GHz and 2.1 GHz in a single antenna. As for WLAN/WiMAX applications, the operating bands assigned by IEEE 802.11 are 2.4 GHz (2.4-2.484 GHz), 5.2/5.8 GHz (5.15-5.35 GHz/5.725-5.825 GHz), and 2.5/3.5/5.5 GHz (2.5-2.69/3.4-3.69/5.25-5.85 GHz). Many antennas have been recently reported in the literature to cover such applications, but most of them are single-band or dual-band [2] [3] [4] . Obviously, few bands limit their applications. Thus, some designs were proposed to operate covering triband applications [5, 6] . In [5] , a symmetrical L-slot antenna was designed covering 2.34-2.82 GHz, 3.16-4.06 GHz, and 4.69-5.37 GHz. A triband microstrip slot antenna for WLAN/WiMAX application was presented in [6] . The common problem is that these designs can only cover more than 2.3 GHz frequency applications, but lower frequency band applications are not involved, such as PCS (1.9 GHz) and WCDMA (2.1 GHz). Furthermore, many antennas have large size and complex structure which are not suitable for space-constrained portable wireless terminals. In [7] , an antenna with I-shaped monopole was printed in the area of 28 mm × 29 mm. A multiband antenna with H-shaped slot was presented in [8] with the area of 60 mm × 60 mm. A multiband internal antenna for all commercial mobile communication bands and 802.11a/b/g/n WLAN was designed in [9] with the area of 40 mm × 20 mm. In [10] , a small CPW-(coplanar-waveguide-) fed multiband antenna consisting of a square-spiral patch with two L-shape strips was reported. However, the coverage of WiMAX/WLAN applications in [9, 10] is not complete. In [11] , a compact antenna with symmetrical L-strips was reported for WLAN/WiMAX operations; however, the three resonant frequencies cannot be adjusted independently. A CPW-fed monopole antenna was proposed in [12] , which covers lots of applications but all are below 3 GHz frequency.
In this paper, a compact quad-band antenna with a circle slot and an inverted L-slot on the radiating patch as well as a comb-shaped ground structure is proposed not only to obtain 2 International Journal of Antennas and Propagation 
Antenna Design
A schematic view of the proposed slot microstrip-fed planar antenna for quad-band application is shown in Figure 1 . The antenna is printed on a 1.6 mm thick FR4 substrates with relative permittivity of 4.4 and loss tangent 0.02, while the overall areas are only 20 × 30 mm 2 . In order to miniaturize the size of the portable devices antenna, the radiator width is set to be the same as the width of the microstrip feed line. The proposed antenna consists of a T-shaped radiating patch and a comb-shaped ground. There is a circular slot (Radius 1 ) on the broad rectangle of the T-shaped patch and an inverted L-shaped slot of length 1 and width 1 on the narrow rectangle of the T-shaped patch. The conventional rectangle ground is transformed into a comb-shaped ground structure by cutting rectangular slots to excite 2.4/5.5 GHz applications. In order to achieve 50 Ω characteristic impedance, the antenna is fed with a 2.8 mm wide microstrip line. The final antenna design is achieved by tuning the length, width, and the slot dimensions of the radiating patch and the combshaped ground structure. All the parameters are optimized with Ansoft HFSS and summarized in Table 2 . Detailed
Figure 1: Geometry of the proposed quad-band slot antenna.
analysis of the proposed antenna will be given from the following three aspects.
Design Principle.
Etching slots is one of the most efficient techniques in multiband antenna miniaturization. For a given shape and size of the radiating patch (or the ground plane), cutting slots on it will change the surface current distribution and increase the effective current path length (see Table 2 : Parameters of the proposed antenna (unit: mm). in Figure 2 ). Therefore, the resonant frequency will drop significantly. Similarly, for a given resonant frequency, the size of the antenna will be significantly reduced by cutting slots on the radiating patch or on the ground plane. Also, the bandwidth of the antenna will be broadened because of the decreased Q value resulting from etching slots. In our proposed antenna, the T-shaped radiating patch and the rectangular ground act as wideband impedance matching. Note that the effective length of the slots, , can be approximately calculated by [13] 
where 0 is the resonance frequency, stands for the freespace velocity of light, = ( + 1)/2 is the effective permittivity of the dielectric substrate, and is the relative permittivity. Assuming that the antenna works at 3.5 GHz, the inverted slot length is about 13 mm. Also, the lengths of the other slots can be estimated in the similar way. Figure 3 shows the evolution of the proposed antenna and its corresponding simulated results of return loss. It begins from the design of Antenna (1), which consists of a T-shaped radiation patch (having no slots) and a comb-shaped ground structure. This simple design can obtain two wide bands of 1.92-3.09 GHz and 4.77-6.81 GHz as shown in Figure 3(b) , which cover the WLAN/WiMAX standard applications. In order to excite 3.5 GHz resonant mode, an inverted L-slot on the narrow rectangle of the Tshaped radiation patch is introduced in Antenna (2). The corresponding −10 dB return loss bandwidth is 580 MHz (3.37-3.95 GHz) as shown in Figure 3(b) . Finally, in order to generate the high frequency band, a circular slot is designed on the broad rectangle of the T-shaped patch in Antenna (3). The circular slot can independently yield a resonance operating at 8 GHz band.
Structural Analysis.
In order to further explain the quad-band operation property of the proposed antenna, the surface current distributions of the whole antenna at the frequencies of 2.5, 3.5, 5.5, and 8 GHz are given in Figure 4 . It can be clearly seen from the figure that the current distributions are different in the four bands. In particular, when the antenna operates at 3.5 GHz, as shown in Figure 4(b) , most of the currents are concentrated near the inverted L-shaped slot. As shown in Figure 4(a) , the rectangular slot in the middle of the comb-shaped ground with radiation patch produces 2.4 GHz frequency band. As shown in Figure 4 (c), the symmetrical rectangular slots on the comb-shaped ground with radiation patch produce 5.5 GHz frequency band. When the antenna works at 8 GHz frequency, as shown in Figure 4(d) , currents are mainly distributed near the circular slot on the patch.
Parametric Study.
To illustrate the effects of the critical parameters on the four different frequency bands (i.e., band I-2.4 GHz, band II-3.5 GHz, band III-5.5 GHz, and band IV-8 GHz), a parametric study on the quad-band antenna is carried out. From the parametric study, the optimum value for each parameter of the proposed antenna is obtained as listed in Table 2 . Note that the presented antenna is sensitive to the geometrical parameters due to the miniaturized size.
International Journal of Antennas and Propagation
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Antenna (1) Antenna ( The dimensions of patch or ground slot are critical parameters in determining the sensitivity of impedance matching.
Variation of Patch Parameters.
Keeping all the other parameters invariant, the effect of 1 and the length of the inverted L-slot, on the return loss is depicted in Figure 5 (a). It is observed from Figure 5 (a) that the frequency bands shift toward lower frequency as 1 is increased from 12.4 mm to 14.4 mm. All the three curves cover bands I and III applications, but the curve of 12.4 mm cannot cover band II completely and the result of 14.4 mm cannot cover band IV completely. Thus, the value of 1 is chosen 13.4 mm as an optimum. The effect of the radius of the circle slot, 1 , on the return loss is depicted in Figure 5 (b). It can be observed from simulation results that as the values of 1 increase from 4.4 mm to 5.2 mm, the frequency bands shift toward higher frequency. It is also found that 1 mainly affects bands III and IV while bands I and II almost remain unchanged. Combining the coverage of bands III and IV, the value of 1 = 4.8 mm is chosen as an optimum.
Variation of Ground Parameters.
The height of the comb-shaped ground, 1 , on the return loss is depicted in Figure 5 (c). It is shown when the value of 1 is reduced to 11 mm, the return loss has obvious degradation and only one resonant band is formed. Furthermore, at the value equal to 13 mm, the antenna cannot cover bands III and IV completely. Thus, the optimum value for 1 is chosen as 12 mm. The effect of the length of the symmetrical rectangular slots on the ground, 2 , on the return loss is depicted in Figure 5(d) . It is shown from Figure 5 (d) that as 2 is increased from 8 mm to 10 mm, the impedance bandwidth of band III is increased while other bands almost remain unchanged. Similar conclusion can be drawn from Figure 5(e) as the length of the middle rectangular slot on the ground,
Experimental Results and Discussion
Based on the optimal dimensions listed in Table 2 , a prototype of the quad-band antenna is fabricated and experimentally investigated. Figure 6 shows a photograph of the fabricated antenna. The simulated and measured results for the return loss of the proposed antenna are shown in Figure 7 . The simulated −10 dB bandwidths range from 1.87 to 2.53 GHz, from 3.39 to 3.96 GHz, from 4.95 to 6.38 GHz, and from 7.84 to 8.42 GHz, and the measured bandwidths range from 1.79 to 2.63 GHz, from 3.46 to 3.97 GHz, from 4.92 to 5.85 GHz, and from 7.87 to 8.40 GHz. The discrepancy between the simulated and measured results could be mainly due to errors in processing and effect of the SMA connector. It can be concluded from return loss results that the proposed design has a good quad-band property which evidently covers entire PCS, WCDMA, WLAN, WiMAX, and X-band SATcom applications.
The gain values of the antenna with the frequency are shown in Figure 8 . The average gains through all the four bands vary from 2.5 dB to 6.9 dB, showing that the antenna can provide stable gains in the four working frequency bands. The efficiency variations within different frequency bands are shown in Figure 9 . It is observed from Figure 9 that the radiation efficiency of the antenna varies from 54% to 86.3%. Figure 10 shows the simulated and measured far-field radiation patterns in plane (E-plane) and plane (Hplane) for frequencies at 2.5, 3.5, 5.5, and 8 GHz, respectively.
International Journal of Antennas and Propagation From the figure, we can conclude that the proposed antenna features fairly good omnidirectional H-plane patterns and bidirectional E-plane patterns over the desired operating bands. Radiation characteristics have obvious advantages over other similar multiband antennas; for example, in [8, 14] , there are some sidelobes (especially at relatively high frequency band) in the radiation patterns which degrade the antenna radiation performance. The above radiation characteristics show that the proposed antenna is much preferable for the quad-band applications in the terminal design of integrated wireless communication systems.
Conclusion
A compact quad-band antenna with a circle slot and an inverted L-slot on the T-shaped radiating patch as well as a comb-shaped ground structure is proposed in this paper for incorporating different communication standards in a single device. with the frequency needs of PCS, UMTS, WCDMA, Bluetooth, WLAN, WiMAX, and X-band uplink SATcom applications. The antenna exhibits a low profile, a compact size with simple structure, and largely omnidirectional radiation patterns. Since the antenna can be easily integrated with the circuit board and the handset enclosure, it is particularly attractive for portable devices incorporating multiple communication systems. 
